Here we report the two-step synthesis of high aspect-ratio gold nanorods via combining low pH growth and higher cetyltrimethylammonium bromide concentration. The approach is motivated by the "slow growth principle," which has been demonstrated recently as a effective protocol to prepare high aspect-ratio one-dimensional nanostructures. When the pH value of the growth solution gradually decreased, the growth rate of nanorods was significantly decreased and a continuous morphological changing from uniform monodisperse gold nanospheres to extraordinary long gold nanorods occured. By simultaneously decreasing the growth pH and increasing the concentration of cetyltrimethylammonium bromide, the length of gold nanorods could be further elongated to above 2 m with large aspect-ratio of above 80. This kind of high aspect-ratio gold nanorods could be excellent building blocks for optical or electrical nanodevices in future.
INTRODUCTION
High aspect-ratio (AR) one-dimensional (1D) metal and semiconductor nanostructures, including nanorods, nanowires, nanotubes and nanobelts, have recently received intense attention as a result from their unique optical and electrical properties. 1 Gold nanorods are one of most widely studied 1D nanomaterials. [2] [3] [4] [5] [6] [7] [8] Compared with short gold nanorods, longer gold nanorods are better candidates as conducting wires in nanodevices because of their length advantages. For example, a highly conducting hybrid bioelectronic device has been prepared by coupling long gold nanorods with live microorganisms. 9 The environment dependent electronic property of gold nanowires can also be ultilized to make high sensitive chemical sensors. 10 Moreover, long good nanorods or nanowires can be templates for preparing other types of large AR 1D nanostructures, such as core/shell nanowires 11 and hard or soft nanotubes. 12 Up to now, numerous methods have been developed towards the controllable synthesis of gold nanorods with high yield and tunable ARs, including electrodeposition in hard [13] [14] [15] [16] [17] [18] or soft templates, [19] [20] [21] [22] proton beam irradiation, 23 microwave assisted synthesis, [24] [25] [26] microfluidic, 27 biological, 28 photochemical [29] [30] [31] [32] [33] [34] [35] [36] and wet chemical reduction. 7 8 While great advances have been made in the bottom-up wet chemical synthesis of short gold * Author to whom correspondence should be addressed.
nanorods (aspect ratio < ∼6, length < ∼100 nm and longitudinal surface plasmon [LSP] wavelength < ∼1000 nm) in the last decade, [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] the fabrication of ultra-long gold nanorods through a wet chemical route still remains as a big challenge. One common method to achieve high AR gold nanorods is the use of a more stable cationic surfactant system instead of traditional cetyltrimethylammonium bromide (CTAB) in a seed-mediated approach. Such system can be surfactants with larger positively charged headgroups, 53 54 binary surfactants 39 or surfactant/polymer mixtures. 55 However, the AR or length of gold nanorods obtained from above method is still limited by the experimetal conditions. Another popular method to prepare long gold nanorods is the multistep-growth route. The elongation of short rods occurs continuously in fresh supplied growth solution. [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] The efficiency of this approach, however, is not high since multistep reaction is needed. It is also worth to mention that only few papers have reported the successful preparation of micrometre long gold nanorods (AR > 25). 62 63 Thus, developing a novel, rapid synthesis route for preparing large AR gold nanorods is of practical importance.
Here we report the facile synthesis of ultra-long gold nanorods via the pH controlled growth strategy. Gold nanorods as long as 2032 ± 301 nm with extremely high ARs of 82 1 ± 19 4 were prepared via simple two-step growth. We attribute the preferred elongation in one direction to the unusual slow growth rate. 
EXPERIMENTAL DETAILS

Seeds Preparation
The CTAB protected gold seeds (CTAB-seeds) were prepared according to the literature method. 39 41 5.0 mL 0.20 M CTAB solution was mixed with 5.0 mL of 0.50 mM HAuCl 4 to get a transparent solution of light brown-yellow in color. Fresh prepared ice-cold 0.010 M NaBH 4 solution (0.60 mL) was added quickly to the gold salt and CTAB mixture under vigorous stirring. The solution immediately turned to brownish yellow. Vigorous stirring was continued for 2 min. The seed solutions were stored at room temperature at least for 2 h before use.
pH Controlled Growth
Seven clean flasks were labeled with a-g. The growth solutions for each flask were completely the same: 10 mL d the average size of length and width was determined from TEM images. About 100-150 particles were counted for each set;
e Aspect ratios = length/width.
Characterization
TEM images of the prepared gold nanorods were taken at 60 kV using JEM-1200EX and were used in the size distribution measurements. High resolution TEM (HRTEM) images and selected area electron diffraction (SAED) were taken at 200 kV using JEM-2010 (HR). The gold nanorods for TEM observations were purified by centrifugation at 3000 rpm for 10 min, washed with tri-distilled H 2 O once, recentrifuged and concentrated in 0.1 mL H 2 O. The TEM sample was prepared by dropping 10 L of rod solutions onto carbon film coated copper grids and dried in air. For each sample, images were taken from different regions of the grid and totally 100-150 particles were measured to analyze the two-dimesional size and the size distribution of gold nanorods. Extinction spectra of gold nanorods were measured using a Shimadzu UV-2550 (UV-visible) and UV-3150 (UV-visible-NIR) spectrophotometer. For UV-visible-NIR spectra measurement, the long rod solutions were first separated away from water by gentle centrifugation at 3000 rpm for 10 min and redispersed in D 2 O solution.
RESULTS AND DISCUSSION
Two different growth routes were conducted in the synthesis of long gold nanorods. First, the pH of the growth solution was adjusted from 6.7 to 2.5 by adding NaOH or HCl (Table I) . Second, the concentration of CTAB was varied at a fixed low pH of 2.5 (Table II) . Figure 1 demonstrate the typical TEM images of gold nanospheres and nanorods obtained under different pH conditions in the first growth mode. Figures 1(A-D) are corresponding to pH of 6.7, 6.2, 5.5, and 2.5, respectively. We have found the original pH of growth solution without adding any acid or alkali is about 4.5, which is somewhat different from other reports. 57 We speculate the difference might be attributed to the tiny difference in water pH. Under weak acidic conditions (pH 6.7), monodisperse spherical gold nanoparticles with uniform c Aspect ratios = length/width diameter of ∼20 nm are the main products ( Fig. 1(A) ). By gradually decreasing the pH value, the amount of short gold nanorods increased as well as the average length ( Fig. 1(B) ). At pH 5.5, the main products became long gold nanorods (335 ± 34 nm, AR = 12.6 ± 3.3) ( Fig. 1(C) ). When the pH was lowered to 2.5, the average length of gold nanorods finally reached 1313 ± 270 nm with a extremely large AR of 43 7 ± 6 3 ( Fig. 1(D) ).
Owning to the unusual length, these classes of long rods are slightly bended ( Fig. 1(D) ). Though byproducts like nanospheres, nanoplates, nanotriangles and short nanorods are still observed, they can be carefully separated from the long rods through several circles of centrifugation and washing. The length distribution histograms in Figure 1 reveal the obtained nanorods are relatively uniform in longitudinal direction in all pH conditions. Figure 2 (A) summarizes the pH influence on the long axial dimension of gold nanorods (Note: nanospheres demonstrated in Fig. 1(A) are not included). By plotting the length of gold nanorods via pH values, it is clear that the increase of length has a strong linear relationship with the decrease of pH values ( Fig. 2(A) ). The formation of long gold nanorods was also confirmed by UV-visible-NIR spectra (Fig. 2(B) ). It is well known that gold nanorods have one absorption at around 520 nm, corresponding to the transverse surface plasmon (TSP) band, and a second much stronger absorption in the visible-NIR range, corresponding to the longitudinal surface plasmon (LSP) band. [64] [65] [66] [67] The LSP is mainly dependent on the ARs of gold nanorods. Figure 2(B) shows that sample a (pH 6.7) only owns a single strong band at 520 nm, which confirms the major products were spherical gold nanoparticles. a good agreement with statistical results (8.1, 10.3, and 12.6) determined from the TEM images. The longitudinal band of sample e is hard to obtain owning to the instrumental noise at around 2000 nm. The longitudinal peak of sample f may be located at 2495 nm or longer wavelength and sample g's band is not shown, which should be located at beyond the range of 2500 nm according to the DDA calculation. The changes in AR also make the gold nanorods solution exhibit different color (Fig. 2(B), insert) . The color of sample e, f and g appears very close. It may be due to the close absorption property in the visible range among the three samples. SAED and HRTEM were used to analyze the crystal structure of long rods. Figure 3(A) is a close TEM image of long rods from sample g with smooth profiles. indicates the [110] growth direction and a possible pentagonal structure. It is convinced from the HRTEM images viewed down the same 112 / 100 zone. {111} fringes (d = 0.236 nm) aligned along the long axis are observed (Fig. 3(B) ). The nanorods are bounded by {110} side faces judged from the HRTEM images. This kind of regular pentagonal structure is common in long gold nanorods prepared in previous multistep methods. 3 4 60-62 68-70 Figure 3(C) shows a mixture of multiply twinned nanoparticles (MTPs) and long rods. It may result from the two steps of the nanorods formation as previously demonstrated: 68 69 the birth of MTPs from original seeds and the CTAB assisted growth.
In our method for preparing high AR gold nanorods, the use of CTAB-seeds and pH controlled growth are two crucial steps. CTAB-seeds are proved to important in improving the yields of short gold nanorods 39 41 and recently, the long rods. 61 But what is the basis of the remarkable elongation in the length of gold nanorods, which however has not been achieved in former three-step growth method? Since the pH controlled growth is the key of fabricating ultra-long gold nanorods, we proposed that slowing down the growth rate of nanorods may be a fundamental precondition for the high AR gold nanostructures. Due to the pH-dependent reducing ability, 3 4 AA is a much weaker reductant in strong acidic condition (pH 2.5) than in weak acidic solution (pH 6.7). The growth rate of gold nanorods is particularly slower at pH 2.5 than pH 6.7. The difference in reaction rate under various pH conditions can be judged from the solution color changing: flask a (pH 6.7) turned to wine red immediately when the seed was added; a delay of color changing about 30 s was observed in flask d (pH 5.5); however, in flask g (pH 2.5), no color change appeared within half an hour. At low pH environment (pH 2.5), Au(I) was slowly reduced to Au(0), which is helpful for the selective absorption of Au(0) to specific crystal facets of the seeds under the regulation of CTAB. Moreover, when pH is low, the interrod repulsion is strengthened due to the higher concentration of H + in solution. The fusion of two neighborhood undergrowth rods was avoided to the largest extent. A continuous elongation is thus approved.
This "slower but longer" concept in fact has been implied in recent advance in nanomaterial synthesis. Low pH condition has been used to minimize the blue-shift effect of prepared short rods 41 and promote the synthesis of long rods via traditional three-step growth. 60 61 On the contrary, if the growth rate is accelerated by adding alkaline reagents, e.g., NaOH [71] [72] [73] [74] or excess reductant, 59 gold nanostructures with "low AR," such as planar 63 71 72 or branched 73 74 nanoparticles will be the main products. In the case of silver, long wires will change to short rods 75 76 and finally to two-dimensional plates 77 78 if the pH value of the growth solution increases. Another quite similar example is from the famous PVP-directed polyol process for silver nanostructure synthesis. Ethylene glycol is a temperature-dependent reductant. 79 Thus short nanowires of silver are grown at 185 C, a fast growth status, while very long silver nanowires form at 160 C, a slow growth condition. 80 81 The growth rate of gold nanorods can also be slowed down by increasing the concentration of CTAB ([CTAB]). The pH value was fixed at 2.5 and the [CTAB] was varied (Table II) . Figure 4 Fig. 4 ) are given at the same time. It is obvious that the length of gold nanorods is significantly extended as the concentration of CTAB increases from 0.025 (Fig. 4(B) ) to 0.20 M (Fig. 4(J) ). The overall yield of such large AR nanorods is not low though byproducts like spherical and planar particles also exist. The increase of nanorod length and AR showed a strong linear relationship with the increase of [CTAB] (Fig. 5(A) ). The average length of the gold nanorods can be extended to surprisingly 2032 ± 301 nm with an extremely high AR of 82 1 ± 19 4 (Fig. 4(J) ) under the condition of [CTAB] = 0.20 M.
We have displayed the co-influence of the pH value of growth solution and CTAB concentration on the length of gold nanorods in a 3D histogram (Fig. 5(B) ). From this inductive "map," we can find appropriate experiment conditions to prepare gold nanorods with desired length. Note that in the region of lower pH value and higher CTAB concentration, ultra-long gold nanorods of above 2 m can be obtained. 
CONCLUSION
In conclusion, a route of facile synthesis of high AR gold nanorods is developed by adopting pH controlled growth strategy. CTAB-seeds were used to improve the long rod yields. Under sufficiently low pH condition (such as 2.5), an elongation in long axis direction of gold nanorods is enhanced by the slow growth process. By simultaneous lowering solution pH and increasing the concentration of CTAB, short gold nanowires of above 2 m in length can be obtained. These kinds of rigid and straight gold nanowires promise potential applications in multiple areas such as nanoarchitecture and nanoelectronics. The principle of slowing down the growth rate of nanocrystals could be a general rule for preparing ultra-long one-dimensional nanomaterials.
